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Microearthquake spectra from Jubilee Hills, Hyderabad are analyzed to observe the eﬀect of attenu-
ation and site on these spectra. The ratios of spectral amplitudes at lower and higher frequency
are measured for three diﬀerent stations at varying epicentral distances to estimate Q value for
both P- and S-wave in near and sub-surface layer. Average estimates of Qp and Qs are 235 and
278 respectively. Value of Qs/Qp larger than 1.0 suggests dry crust for most of the Jubilee Hills
region. The near-surface low Qp and Qs for 0 km to 0.9 km depth coincide with the soil layer,
top and semi-weathered and highly fractured zone. In contrast, at a shallower depth beneath the
Jubilee Hills area, Hyderabad, we obtain high Qp and Qs zone, which corresponds to the dense
and high velocity rocks of the region. The varying corner frequencies for these spectra are inferred
to be characteristics of site. Comparisons of disparity in spectral content with reference to hard
rock site conclude that lithology of the northwest part of Jubilee Hills area amplify about twice
the incoming seismic signal, as compared to the southern part best outlined at 8 to 10Hz only.
1. Introduction
A seismogram reﬂects the eﬀect of source and
the path of propagation up to the receiver sta-
tion. When we examine seismograms of local earth-
quakes for frequencies higher than 1Hz, these
waveforms are usually complex. One can observe
complex wave trains in addition to direct P and
S waves in every seismogram. Wave trains follo-
wing the direct S wave are called S-wave trains and
those between direct P and S waves are known as
P-wave trains. These waves help to estimate one of
its elemental properties, i.e., attenuation. Attenu-
ation allows one to infer the material and physical
conditions of the structure underneath the source,
site and the propagation pathway. Measurement of
attenuation of direct wave and wave trains gives
values for total seismic attenuation. In general,
amplitude of the direct seismic wave usually decays
exponentially with increasing travel distance. The
decay rates are proportional to Q−1, which charac-
terizes attenuation. The decay is due to geometri-
cal spreading, intrinsic and scattering attenuation.
According to Sato (1977), high frequency contents
of direct waves help in the determination of atten-
uation parameter (Q). The reasons why near to
sub-surface Qp and Qs, the attenuation parameter
of P and S is so important are:
• site eﬀect causes waveform distortion and that
makes source study diﬃcult
• an estimate of stress induced features and the
sub-surface lithology.
Vassilou et al (1982) gave the general observation of
Qp and Qs relations in sedimentary rocks; Qp = Qs
for dry rocks, Qp ≥ Qs for fully saturated rocks
and Qp < Qs for partial saturation. Johnston and
Toksoz (1980) report that Qs is slightly greater
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Figure 1. Vertical component seismogram of a micro-
earthquake recorded by all the three stations of the
network. The origin time and station code are indi-
cated at top right corners. The amplitudes are in counts
(1 count = 127e − 11m/s).
than Qp for dry areas. Generally Qp is higher than
Qs. This is reported by Anderson et al (1965) with
Qp = 9/4Qs. However, Rautian et al (1978) indi-
cate that Qs is larger than Qp for the crustal paths,
so that Qs ∼ 1.78Qp. These diﬀerences in Qp/Qs
found in attenuation mechanism are accredited
to the diﬀerent heterogeneities in the uppermost
crust.
The presence of heterogeneity in the earth crust
though for a smaller region also contributes in an
essential manner towards estimating the attenu-
ation parameter. Several authors, e.g., Cranswick
(1988); Sato and Fehler (1998) have observed that
even in small rock samples, heterogeneity of the
scale of grain sizes plays an important role in the
propagation of ultrasonic waves of the order of
MHz. When the seismograms originated from a
very highly localized area of approximately 24 km2
from Jubilee Hills, Hyderabad were examined, it
was found that amplitudes of P- and S-wave trains
decay are extremely diﬀerent with complex spec-
tral amplitude domain even though recording sta-
tions are equipped with similar instrumentation.
Figure 1 depicts an event (all vertical compo-
nent seismogram) recorded by three stations. All
the three seismograms encompass diﬀerent spec-
tral content although the recording stations are
very closely spaced. Recognizing the complexity
of the seismogram, a simple technique has been
adopted to address the attenuation in the region.
The local site eﬀect at a receiver that causes enor-
mous scatter is considered while addressing the
attenuation.
The manuscript is divided into two parts. Ini-
tial portion deals with the estimation of attenu-
ation parameter (Q) of direct waves particularly
at an average low and high frequency that travel
throughout the near and sub-surface layer of the
studied region. Qp and Qs are determined from
alteration in the amount of high frequency energy
recorded relative to the low frequency energy
towards the local microearthquake activity, as a
function of epicentral distance/travel time. Atten-
uation mechanism that is functioning in the region
is studied with absolute values of Qp, Qs and their
ratio.
The later part examines the individuality of the
spectra of microearthquakes with an attempt to
study the diﬀerence of the spectral content at
the receiving site for diﬀerent micro-tremors when
the azimuth and incidence angle is practically the
same for all three stations. The spectral ratio with
respect to a reference site gives an idea of the
site eﬀect in the region supplemented by litholog
information.
In this study, the technique adopted by Tsujiura
(1966), modiﬁed by Frankel (1982), has been used
to estimate the Qp and Qs for Jubillee Hills
microearthquakes. The results of this study are
highlighted here.
2. Geological settings
The area of the present study, delimited by latitude
17.41◦ to 17.45◦N and longitude 78.36◦ to 78.42◦E,
covers the Jubilee Hills area of Hyderabad.
Broadly, the area is composed of Archean gran-
ites and gneisses occurring as prominent hillocks
with the existence of a WNW–ESE shear zone
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Figure 2. Epicentral map of the microearthquakes occurred in the Jubilee Hills region [as indicated by ﬁlled dark square
in the key map of India (inset)] showing station locations of AOU, PML and PSJ. The numbered events are used to observe
the disparity of spectral content. Number denotes the event shown in table 1. Dashed line indicates shear zone. The coloured
scale in the right indicates the topographic elevation measured in meters.
extending from Banzara Lake near Hotel Taj Resi-
dency, passes through KBR-National Park and ter-
minates near Durgam reservoir (ﬁgure 2). Seismic
activity in the region is mainly associated with
far ﬁeld compression due to motion of the Indian
plate and together with the pre-existing faults and
weak zones in the form of morphotectonic knots
in the Jubilee Hills. A 3D relief of Hyderabad
mapped by Singh et al (2004) shows an undulating
basinal structure with an average depth of about
4 km with the central part of Hyderabad gran-
ite pluton forming a circular bowl-like depression
encompassing the Jubilee Hills.
3. Data
The studied area, i.e., the Jubilee Hills area of
Hyderabad, India experienced a number of micro-
seismic activities in the recent past. On October
15, 1998, the National Geophysical Research Insti-
tute (NGRI), Hyderabad seismological observa-
tory recorded four tremors originating from Jubilee
Hills area, Hyderabad. Since then a temporary net-
work of three stations namely PML, PSJ, and AOU
have been established up to November 5, 1998 to
record the aftershocks as shown in ﬁgure 2. This
network consists of three digital stations equipped
with short period L4C-3D, three-component seis-
mometer and GPS synchronized 24-bit REFTEK
72A-08 digitizer. It was a continuous mode of
recording in all the three stations having a sam-
pling rate of 100 samples/second. These stations
have the capacity of recording high frequency seis-
mic energy up to 50Hz. A total of 496 tremors
were recorded during the period of deployment.
However, only thirty-eight tremors recorded by
all the three stations, could be located accurately
(Raju et al 2000). Table 1 shows the located events
recorded during the period used for attenuation
studies along with solution quality. An epicentral
plot can be seen in ﬁgure 2. The depth of these
events varies from 0.09 km to 2.49 km. Most of the
microearthquakes are felt in the area. More than
half of the events occurred within the depth of
nearly one kilometer. The root mean square value
for hypocentral parameter is below 0.25 s. Crustal
velocity model by Gaur and Priestley (1997) is
used for computation of the hypocentral param-
eters. So far as the lithology underneath the site
of the stations is concerned, the exact litholog
information by drilling, etc. is not available for
these stations. However, the near-surface and sub-
surface geophysical investigations by Murthy and
Raghavan (2002); Krishnamurthy et al (2003) and
Singh et al (2004) indicate a highly weathered zone
followed by fractured granite underneath the area
where AOU, PML stations are situated and that
hard granite existed under PSJ.
In order to determine the spectra of the P and
S waves, initial P- and S-wave arrivals of the
microearthquake are used. Selection of small sam-
ple length is made because the variation of travel
time is not important at the beginning and end of
the sample. The next step is the baseline correction
and trend removal. Baseline has been calculated as
arithmetic average from the ﬁrst 150 samples. The
time history of the trend is calculated as a run-
ning arithmetic average while trend is subtracted
from the original record. After this, the spectra
are calculated using a Fast Fourier Transform and
corrected for instrument response.
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Table 1. List of tremors and epicentral parameters.
Event Date Origin Lat. N Long. E Depth Magnitude RMS
No YY MM DD HH MM SS Deg. Deg. km MDA No Sec QM
1 98 10 17 10 33 46.75 17.424 78.403 0.13 0.69 6 0.03 B1
2 98 10 17 10 58 27.75 17.423 78.403 0.64 0.56 6 0.08 B1
3 98 10 17 11 46 44.70 17.432 78.404 3.72 0.30 6 0.06 C1
4 98 10 17 13 26 57.73 17.431 78.414 1.82 0.29 6 0.09 C1
5 98 10 17 21 58 39.64 17.432 78.415 1.00 0.25 6 0.20 C1
6 98 10 17 22 27 31.59 17.432 78.415 1.00 0.31 6 0.20 C1
7 98 10 17 23 39 2.36 17.430 78.404 1.38 0.19 6 0.01 C1
8 98 10 18 00 43 54.77 17.419 78.409 0.37 0.25 6 0.04 C1
9 98 10 18 00 02 32.19 17.438 78.411 2.00 0.27 6 0.13 C1
10 98 10 18 00 43 54.76 17.418 78.407 0.71 0.90 6 0.04 C1
11 98 10 18 01 34 16.56 17.419 78.404 1.00 0.34 6 0.05 C1
12 98 10 18 02 24 6.72 17.417 78.407 0.48 0.26 6 0.01 C1
13 98 10 19 00 40 29.12 17.426 78.415 0.49 0.24 6 0.03 C1
14 98 10 19 06 18 55.79 17.431 78.406 1.00 0.38 6 0.04 C1
15 98 10 19 08 54 44.52 17.419 78.408 0.95 0.37 6 0.06 C1
16 98 10 22 07 22 28.06 17.439 78.390 2.29 0.21 6 0.00 C1
17 98 10 22 07 31 19.06 17.444 78.388 2.20 0.20 6 0.01 C1
18 98 10 23 02 31 34.96 17.424 78.404 0.09 0.10 6 0.04 B1
19 98 10 23 13 38 45.28 17.421 78.404 0.77 0.18 6 0.02 B1
20 98 10 23 14 58 20.15 17.431 78.402 0.33 0.23 6 0.05 B1
21 98 10 26 23 48 57.05 17.442 78.388 2.28 0.82 6 0.01 C1
22 98 10 27 08 38 15.04 17.431 78.389 1.04 0.33 6 0.02 C1
23 98 10 28 08 44 5.58 17.428 78.388 0.89 0.36 6 0.02 C1
24 98 10 29 20 09 45.64 17.432 78.400 0.58 0.22 6 0.01 C1
25 98 10 30 01 25 30.80 17.434 78.397 0.80 0.23 6 0.20 C1
26 98 10 31 18 11 12.95 17.431 78.397 0.72 0.31 6 0.02 B1
27 98 11 01 01 09 17.23 17.438 78.379 2.49 0.24 6 0.02 C1
28 98 11 02 09 02 2.09 17.431 78.389 1.21 0.91 6 0.01 C1
29 98 11 02 15 28 10.94 17.430 78.408 0.77 0.52 6 0.02 B1
30 98 11 03 08 40 27.79 17.438 78.382 2.33 0.42 6 0.01 C1
31 98 11 03 08 47 49.43 17.440 78.383 2.22 0.62 6 0.01 C1
32 98 11 03 09 09 21.22 17.423 78.396 0.43 0.54 6 0.01 C1
33 98 11 04 16 53 50.50 17.421 78.404 0.35 0.46 6 0.03 B1
34 98 11 04 09 32 46.07 17.427 78.399 0.80 0.49 6 0.09 B1
35 98 11 04 12 18 32.66 17.431 78.396 2.28 0.09 6 0.24 B1
36 98 11 04 12 41 36.23 17.427 78.402 1.21 0.09 6 0.16 B1
37 98 11 04 16 53 47.58 17.433 78.404 2.10 0.34 6 0.14 B1
38 98 11 05 10 37 22.76 17.425 78.395 0.90 0.57 6 0.05 A1
4. Determination of Qp and Qs
It is practical that higher frequency content is sup-
plementary in very nearby events. This observa-
tion suggests that the co-eﬃcient of attenuation
could be determined from the changes in the spec-
tral shape of earthquakes at a very nearby dis-
tance from a ﬁxed receiver. Figure 3(a) shows the
P waves and their displacement spectra at station
AOU of two earthquakes at nearest and farthest
distances. The spectra are determined for the ﬁrst
0.4 s of the P waves of the events. Travel time of
P wave of the nearest event is 2.95 s while dis-
tant event has the travel time of 4.51 s. The nearer
event is distinguished by a reasonably higher spec-
tral amplitude content than that obtained from
the distant event as viewed from the logarithmic
amplitude scale along Y-axis. Particularly for these
two earthquakes the spectral content shows vari-
ation in amplitude from 2Hz to approximately
28Hz. At a frequency of 28Hz and beyond there
is a sharp fall in amplitude. Spectral amplitude
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Figure 3. (a) Eﬀects of distance on microearthquake
spectra. (Top) P waves at AOU for two events at diﬀer-
ent epicentral distances from AOU. (Bottom) P-wave dis-
placement spectra. The solid trace is the spectrum of an
event with travel time of P, tp = 4.51 s. The thin trace
represents the spectrum of the event with tp = 2.95 s.
Note that the spectral amplitude at 28Hz relative to the
amplitude at 8Hz is much larger for the nearest event
than for the distant one. The unit of amplitude of dis-
placement spectra and Fast Fourier Transformation are in
counts (1 count = 127e − 11m/s) and Cm/Hz respectively.
(b) Decay of spectral amplitude with respect to epicentral
distance at lower (8Hz) and higher frequency (28Hz) for the
most of the events studied.
in lower frequency range seems to vary between 6
and 10Hz while for higher frequency range this is
between 26Hz and 30Hz in case of most events.
Hence the spectral amplitudes are anticipated by
averaging the amplitude between 6 and 10Hz and
26Hz and 30Hz to obtain the 8Hz and 28Hz spec-
tral levels respectively. The spectral amplitude at
28Hz relative to the amplitude at 8Hz is much
larger for the nearest event than for the distant one.
The dependence of spectral content over epicentral
distance for most of the events can be observed
in ﬁgure 3(b) where the spectral content at 8Hz
and 28Hz decreases with the increase of epicentral
distance.
In the method of determining Q, two basic
assumptions are made. Primarily it is assumed that
Q is constant over the frequency band studied, 8
to 28Hz. If Q is not constant in this band, then
the Q values to be obtained in this study will rep-
resent a complicated average of the actual range
of Q for these frequencies. The spectral shapes of
these events between 8 and 28Hz are to be iden-
tical at the earthquake source. Secondly, it is also
assumed that the source spectra of all the earth-
quakes in the study have the same values for the
ratio of their 28Hz/8Hz amplitudes. The valid-
ity of this assumption can be tested by examining
the scatter in the plots of spectral ratio against
travel time. If the source spectra of events of simi-
lar travel times are signiﬁcantly variable in the pass
band, a diﬀerence in their spectral ratios should
be apparent. The ratio of the spectral amplitude
at 8 and 28Hz has been observed for a number of
earthquakes at diﬀerent epicentral distances from
all the three stations of the network. When the log-
arithms of the ratio are plotted against the travel
time for the seismic waves, the slope of the data
is proportional to 1/Q. The variation in Q due
to scattering and the amplitude ratio dependent
on the shape of spectra invalidate the eﬀect of
geometrical spreading.
The spectral amplitude of a body wave at fre-
quency f is related to the travel time of seismic
wave represented by:
A(f)α
[
Ao(f)R(f)e−πft/Q
r
]
, (1)
where Ao(f), is the spectral amplitude at the
source.
A(f) is dependent on the travel time of the seis-
mic wave t and the source-receiver distance r. R(f)
is the response function of the site to incoming
seismic radiation. This transfer function basically
imparts eﬀects, such as attenuation.
For two diﬀerent frequencies f1 and f2, the
natural logarithm of their amplitude ratio is:
42 Saurabh Baruah et al
ln[A(f1)/A(f2)] = ln[Ao(f1)/Ao(f2)]
+ ln[R(f1)/R(f2)]
− [π(f1− f2)t/Q]. (2)
If Ao(f1)/Ao(f2) and R(f1)/R(f2) are con-
stant for all events under study and indepen-
dent of travel time of the earthquakes used, then
ln[A(f1)/A(f2)] plotted against t will have a slope
of π(f2 − f1)/Q. In this study f1 is chosen at
28Hz and f2 is 8Hz. The slope contains the infor-
mation about the attenuation and travel time of
P and S. R(f1)/R(f2) will be constant for all of
the earthquakes as long as the same station was
used to determine the amplitude ratios and the site
response is not a function of the azimuth or angle
of incidence of the incoming seismic waves.
Qp and Qs are determined using events listed
in table 1. Vertical component seismograms are
used for estimation of P-wave spectra. The spectral
amplitude ratios of the P waves for these events are
plotted as a function of P-wave travel time (tp) at
station AOU (ﬁgure 4a). Figure 4(a) displays two
trends: logarithmic ratio of 28Hz amplitude/8Hz
amplitude decreases consistently with travel time
for those events having P-wave travel time greater
than 2.8 s. Simultaneously events having less than
2.8 s P-wave travel time do not show any depen-
dence with travel time. For this reason events
having travel time greater than 2.8 s are considered
and yield a Qp of 179 for AOU.
Likewise, S-wave spectra are determined using
the horizontal component seismograms. Ampli-
tude ratios of S waves plotted against travel time
for AOU are shown in ﬁgure 4(b). Figure 4(b)
also shows two trends. Events with S-wave travel
times greater than 3.3 s exhibit spectral ratios
whose logarithms decrease with travel time. These
events provide an estimate of Qs of 238, for travel
times larger than 3.3 s. However, earthquakes with
S-wave travel times less than 3.3 s display ampli-
tude ratios, which do not change notably with
travel time. Qp and Qs estimated for AOU indi-
cate that they are diﬀerent for these paths. The
Y-intercepts of the lines that ﬁt the data presented
in ﬁgures 4(a) and 4(b) provide information on the
diﬀerences in P- and S-wave spectra. These dif-
ferences in the ratios extrapolated to zero travel
time reﬂect variations of the spectra at the source
and/or characteristics of the receiver site.
Similarly the spectral ratios of both P and S
waves for the events recorded at station PSJ are
studied as a function of travel time. Figure 5(a)
and 5(b) indicates that the spectral ratios of both
P and S waves at PSJ decrease approximately at
around 3.3 s of travel time. The PSJ data yield a
Figure 4. (a) Log of 28Hz amplitude/8Hz amplitude
plotted against travel time (tp) of each earthquake for
P-wave at AOU. The line drawn through the data represents
the best ﬁt for events with travel time greater than 2.8 s as
indicated by arrow. (b) Same as in (a) but using P-wave
spectra at PSJ. The line drawn through the data represents
the best ﬁt for events with travel time greater than 3.3 s.
(c) Same as in (a) but using P-wave spectra at PML. The
line drawn through the data represents the best ﬁt for events
with travel time greater than 2.5 s.
Qp of 179 using 32 events and a Qs of 209 from the
ratio of the same number of events. The logarithm
of the Y-intercept for the P-wave amplitude ratio
at zero travel time is 1.5803. The logarithm of the
S-wave amplitude ratio at zero travel time is cal-
culated as 1.5816. This similarity in Y-intercepts
between the P- and S-wave data signiﬁes that the
frequency content between P and S waves of similar
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Figure 5. (a) Log of 28Hz amplitude/8Hz amplitude plot-
ted against travel time (ts) of each earthquake for S-wave at
AOU. The line drawn through the data represents the best
ﬁt for events with travel time greater than 3.3 s. (b) Same as
in (a) using S-wave spectra at PSJ. The line drawn through
the data represents the best ﬁt for events with travel time
greater than 3.35 s. (c) Same as in (a) but using S-wave spec-
tra at PML. The line drawn through the data represents the
best ﬁt for events with travel time greater than 3.4 s.
travel times is a result of source eﬀects only, not
the site response. Figures 4(c) and 5(c) show the
slope of amplitude ratio and travel time yields a Qp
of 356.0 and of Qs 370.0 at PML. Qp and Qs val-
ues obtained in this study are compiled in table 2.
The average estimate of Qp and Qs from three sta-
tions are 235.5 and 278.8 respectively. In addition,
Table 2. Estimation of Q determined from three
stations of the network.
AOU PSJ PML Average
Qp 178.9 170.9 356.6 235.5
Qs 238.0 228.1 370.3 278.8
to observe the variation of Q values with depth, the
spectral ratios are calculated separately at two dif-
ferent thicknesses. First, the ratio is calculated for
the soil layer, top and semi-weathered and highly
fractured zone, i.e., for 0 km up to the depth of
0.9 km. Qp and Qs estimated for this formation
are 225 and 148 respectively. Second, the ratios
are observed for the events that occurred between
the depth ranges of 0.9 km and 2.8 km character-
ized by granite. It’s average Qp and Qs are 260
and 255 respectively. The increase in Qp and Qs is
very much evident with reference to the increase in
depth.
5. Site eﬀect and corner frequency
Although the epicenters are located very nearby
the stations, it is implicit that the eﬀect of crustal
attenuation is relatively small. However, eﬀect of
site are observed from the spectra of the same event
at least for two diﬀerent stations.
Spectra at AOU and PSJ: examining the P-wave
spectra at two diﬀerent stations AOU and PSJ of
the network indicates the implication of site eﬀect.
Figure 6 shows the spectra at AOU and PSJ for
the same event. The P-wave spectra at AOU in
ﬁgure 6 exhibit corner frequencies at 17Hz while
it is higher, i.e., 26Hz for PSJ. It is seen very
clearly that corner frequencies of the P-wave spec-
tra observed at these two sites appear to be char-
acteristics of the sites in spite of short epicentral
distance. The diﬀerences in the corner frequencies
may represent the varying rupture area at source.
It may also be attributed to the varying lithology
at the receiving site within these nearby stations.
The higher corner frequencies at PSJ indicate het-
erogeneity beneath the station also seen in near
surface litholog data (Krishnamurthy et al 2003).
However, the corner frequencies of S-wave spec-
tra for AOU and PSJ exhibit marginal diﬀerence.
Consequently it is estimated that the errors in the
estimation of the P-wave and S-wave corner fre-
quencies are ±4Hz and ±2Hz respectively. Errors
estimated are larger for P-wave corner frequen-
cies because the higher frequencies are compressed
on the logarithmic scale that is used when these
spectra are displayed.
Diﬀerences in spectra of direct P and S waves
along with respective scattered waves for an event,
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Figure 6. Comparison of P-wave and S-wave displacement spectra of the event (no. 38 of table 1 as in ﬁgure 1) at AOU
and PSJ. Note that the corner frequency for P-wave is higher at PSJ than AOU. The respective corner frequencies are
indicated by arrow marks.
which is located within the network, are observed
at PSJ station (ﬁgure 7). The power spectra of
the initial 0.2 s duration of the P-wave (the direct
and scattered wave) exhibit a peak at about 37Hz.
Following the P-direct wave the 1.30 s duration
of the S-wave (direct and scattered wave) spectra
exhibit a peak at about 5Hz. The peak at the cor-
responding frequency for S-wave clearly contains
higher energy in comparison to that of direct P-
wave spectra. The variations in maximum domi-
nant frequency for the direct waves are inherited
from the properties of the site and path.
6. Spectral content
An eﬀort has also been made to study the dis-
parity of the spectral content for records of local
events, when the epicentral distance and the inci-
dent angle are practically the same for all the
three stations. First we have selected PSJ as ‘Hard
rock site’ by following Krishnamurthy et al (2003),
Murthy and Raghavan (2002) and therefore is a
reference station according to Steidl et al (1996).
The spectral ratios are calculated with respect to
this station. The entire waveform is smoothed by
linear regression to restrain some redundant sig-
nal existing in the raw waveform which in partic-
ular throw ‘artiﬁcial’ enlargement to the spectral
ratio. Event nos. 34, 35, 36, 37, 38 as in table 1
are used to observe spectral content. Emphasis is
given to these events because of higher signal/noise
ratio so that the waveforms are clear, free from
noise. Only vertical component records are used.
Five spectral ratios for AOU/PSJ are shown in ﬁg-
ure 8(a) together with an average spectral ratio
out of these ﬁve events. Moderate dispersion of
the spectral ratios is observed. The average spec-
tral ratio so obtained is more or less stable. Fluc-
tuation of average spectral ratio lies in the band
of 1 to 3Hz. Similarly ﬁgure 8(b) shows the spec-
tral ratio for PML/PSJ with ﬁve events along with
their average spectral ratio. The deviation of aver-
age spectral ratio lies between 0.2 and 7.3 Hz, i.e.,
not quite in the same band of oscillations of the
average spectral ratio for AOU/PSJ. But on the
contrary, the average spectral ratio PML/PSJ in
ﬁgure 8(b) has strong ampliﬁcation (maximum of
2.3) at a frequency around 9Hz. Comparison of the
average spectral ratio of AOU/PSJ (bold line) and
PML/PSJ (thin line) can be seen in ﬁgure 8(c).
Figure 8(a), 8(b) and 8(c) concludes that the geo-
logical structures of the northwest part of Jubilee
Hills area amplify about twice the incoming seismic
signal, as compared with the southern part. This
eﬀect can be observed at 8 to 10Hz only. No vari-
ation in average spectral ratio for AOU/PSJ and
PML/PSJ can be seen within the range of 0.5 to
5Hz. Variation beyond 5Hz up to 10Hz indicates
characteristics of the site at northern and southern
parts of the region. As these events are from dif-
ferent directions, the average behaviour of spectral
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Figure 7. Waveform at PSJ illustrating the diﬀerence in
spectra of direct and scattered waves (a). The initial 0.2 s
of the P-wave (the direct wave) exhibits a peak at about
37Hz (b). Following the P-direct wave the 1.30 s duration
of the S-wave (direct and scattered waves) spectra exhibits
the peak at 5Hz (c).
ratio shows stronger dependence on the local site
eﬀect than on the directivity of the source.
Figure 8. (a) Spectral ratios at AOU/PSJ with spectral
ratio for ﬁve individual events (event no. 34, 35, 36, 37 and
38 of table 1) (thin lines) and an average spectral ratio,
representing all these events (bold line). (b) Similar as in
(a) at PML/PSJ. (c) Comparison of average spectral ratios
of AOU/PSJ (bold line) and PML/PSJ (thin lines) obtained
from (a) and (b).
7. Discussion
We analyze the spectra in order to estimate Qp
and Qs based on the estimate of amplitude of
the spectral content, corner frequency and travel
time. Estimations of Qp, Qs, site induced corner
frequencies and spectral ratio are made to evaluate
the eﬀects of site. The technique adopted in this
study is found more suitable than single scattering
attenuation model, as the area of study is relatively
small. Moreover, the duration of each tremor is so
small that the running average with a window of
1.28, 2.56 and 5.12 s (as used in single scattering
model) for these data points after the lapse time
of 2ts are not feasible. Qp as estimated for AOU
and PSJ are comparatively low while PML exe-
cute higher values of Qp and Qs. While correla-
ting rock type with Q, average Qp and Qs value
exhibit availability of the hard granitic rock in
the region. Average Qs obtained for AOU, PSJ
and PML are higher than average Qp with Qs
∼ 1.33Qp. As a matter of fact Qp/Qs provide an
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important constraint for attenuation mechanisms.
Rautian et al (1978) reports that Qs is observed to
be larger than Qp for paths in the crust near Garm,
Tadjikistan so that tsQs
−1 ∼ tpQp−1. Notably this
is reﬂected in our observation that Qs ∼ 1.33Qp.
Possibly this variation is attributable to attenu-
ation mechanism for the associated crustal path.
The value of Qs/Qp larger than 1.0 suggests dry
crust for most of the Jubilee Hills region. Low Qp
and Qs are obtained for 0 km down to 0.9 km depth
whereas events greater than 0.9 km depth up to
2.8 km exhibit higher values of Qp and Qs. Gene-
rally Qp and Qs increase rapidly with depth. In
contrast, at shallower depth beneath the Jubilee
Hills area, Hyderabad, we obtain high Qp and
Qs zone, which correspond to the dense and high
velocity rocks of the region. A clear transition zone
of varying Qp and Qs connects regions of high and
low Qp and Qs. Since all the stations are sepa-
rated not too far, the maximum distance is 700
meter (radius), the variation of Qp and Qs is obvi-
ously caused by the site eﬀect near the station only.
In addition, while observing the spectral ampli-
tude ratio of the nearby events, it is diﬀerent with
respect to the travel time. These diﬀerences in the
travel time ratios when extrapolated to zero reﬂect
response of the receiver site. The magnitudes of
the earthquakes used in the study are very low
(less than 1.0) and hence, the inferred attenuation
characteristics may not exactly be a representa-
tive for higher magnitude earthquakes that may
occur in near future. The P-wave corner frequen-
cies for the events at these stations vary between 18
and 24Hz whereas S-wave corner frequency ranges
from 14 to 16Hz. Thus the non-uniformity of P-
wave corner frequencies observed at AOU and PSJ
indicates that the corner frequencies of the source
spectra of these earthquakes may be covered by the
function of the receiving site. The diﬀerences in the
P-wave spectra are enriched by a higher mode fre-
quency in comparison to S-wave; on the contrary
P-wave spectra appear to decrease rapidly at fre-
quencies higher than corner frequencies. In the case
of S-wave spectra, the decrease is relatively grad-
ual. These observations generally relate the rupture
process only. In the process of determining Qp and
Qs values, some nearest events have not been con-
sidered. It is observed that (as in ﬁgure 5a and 5b)
the spectral ratio points of S-wave varies within
0.2 to 0.3 [log(A1/A2)] from travel time range of
2.0 s to a 3.3 s. This variation is not prominent
to obtain any gradient value. However travel time
greater than 3.3 s onwards, the spectral ratio data
points start decreasing abruptly. The data points
above 3.3 s help to obtain gradiant and intercept
through a linear ﬁt required to estimate Qp and
Qs values. That is why very near events (maximum
six in numbers) are ignored. Since the number of
stations used in this study is on the lower side,
the attenuation relations estimated may at best be
only approximate.
There appears to be a feeble correlation between
the spectral ratio at the frequency range of 0.5
to 5.0Hz and the near and sub-surface lithology
of the area in which the recording stations are
located. The correlation can be observed in the
range of frequency 5 to 10Hz where the north-
west part of Jubilee Hills area amplify about twice
the impending signal, as compared with the south-
ern part at frequency range from 8 to 10Hz. In
all probability due to the presence of soil, weath-
ered and fractured zone underneath the site of
station PML, the seismic signal in a moderately
narrow band, is ampliﬁed further as compared to
the site of station AOU. Thus this is the total
eﬀect of soil and fractured zone underneath. Quan-
tiﬁcation of the above results at several locations
with proper litholog information would facilitate a
detailed investigation.
8. Conclusion
The estimation of Qp and Qs based on the present
technique reveals the eﬀect of attenuation and site
on microearthquakes originated from the Jubilee
Hills region. A displacement spectrum at AOU and
PSJ shows that P waves of these events contain
a larger amount of high frequency energy than S
waves. The spectral content has a clear depen-
dence on epicentral distance at lower and higher
frequency. Average estimates of Qp and Qs are not
equivalent, however higher values of Qs than Qp
suggest greater penetration of seismic energy. The
study suggests dry crust for most of the Jubilee
Hills region as value of Qs/Qp is larger than 1.0. In
addition average Qp and Qs values exhibit availa-
bility of the hard granitic rock in the region. A low
and high Qp and Qs zones are observed at depths.
The high Q zone corresponds to the dense and
high velocity rocks of the region. Thus a transi-
tion zone is demarcated under the Jubilee Hills
area which connects regions of high and low Qp
and Qs. Hence the variation of Qp and Qs at dif-
ferent stations, for these aftershocks shallower in
depth undoubtedly build an estimate of the site-
speciﬁc anelastic response of the seismic source
and the respective path. Similarly, the varying cor-
ner frequencies of the P-wave spectra observed
at all the three stations appear to be character-
istics of the sites even though the stations are
closely spaced. Finally the ratios of station spe-
ciﬁc spectral content infer that the geological struc-
tures of the northwest part of the Jubilee Hills
area amplify about twice the impending signal
probably due to the presence of soil, weathered
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and fractured zone underneath the site of station
PML.
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